Gains and losses shape the gene complement of animal lineages and are a fundamental aspect of genomic evolution. Acquiring a comprehensive view of the evolution of gene repertoires is limited by the intrinsic limitations of common sequence similarity searches and available databases. Thus, a subset of the complement of an organism consists of hidden orthologs, those with no apparent homology with common sequenced animal lineages -mistakenly considered new genes-but actually representing rapidly evolving orthologs or undetected paralogs. Here, we describe Leapfrog, a simple automated BLAST pipeline that leverages increased taxon sampling to overcome long evolutionary distances and identify hidden orthologs in large transcriptomic databases.
Introduction
Changes in gene complement are a fundamental aspect of organismal evolution (Ohno 1970; Olson 1999; Long, et al. 2003; De Robertis 2008) . Current genome analyses estimate that novel genes, the so-called 'taxonomically-restricted' genes (TRGs) or 'orphan' genes -those without a clear homolog in other taxa-represent around 10-20% of the gene complement of most animal genomes (Khalturin, et al. 2009; Tautz and Domazet-Loso 2011) . Although reported in some cases as non-functional open reading frames (ORFs) (Clamp, et al. 2007 ), TRGs are likely essential for the biology and evolution of an organism (Loppin, et al. 2005; Khalturin, et al. 2009; Knowles and McLysaght 2009; Li, et al. 2010; Colbourne, et al. 2011; Warnefors and Eyre-Walker 2011; Martin-Duran, et al. 2013; Palmieri, et al. 2014) . The continuous increase in gene content is, however, balanced by a high rate of depletion among newly evolved genes (Tautz and Domazet-Loso 2011; Palmieri, et al. 2014) and by losses within the conserved, more ancient gene complement of animals (Kortschak, et al. 2003; Krylov, et al. 2003; Edvardsen, et al. 2005; Technau, et al. 2005) .
Understanding the dynamic evolution of gene repertoires is often hampered by the difficulties of confidently identifying gene losses and gains. Gene annotation pipelines and large-scale comparisons (e.g. phylostratigraphy methods) largely rely on sequencesimilarity approaches for gene orthology assignment (Alba and Castresana 2007; Domazet-Loso, et al. 2007; Tautz and Domazet-Loso 2011; Yandell and Ence 2012) .
These approaches depend on taxonomic coverage and the completeness of the gene databases used for comparisons. Although extremely useful in many contexts, sequence-similarity methods, such as Basic Local Alignment Search Tool (BLAST) (Altschul, et al. 1990 ), can be confounded in situations in which a gene evolves fast, is short, has an abundance of indels and/or exhibits similarity with other counterparts in only a small subset of residues (Moyers and Zhang 2015) . These limitations, as well as intrinsic systematic errors of most algorithms (Liebeskind, et al. 2016) , can generate significant biases when studying the evolution of protein-coding gene families (Elhaik, et al. 2006; Zhang 2015, 2016) . Accordingly, a proportion of the gene complement of an organism will be represented by genes that lack obvious affinity with homologs in the gene sets of the best annotated genomes -thus mistakenly considered potential TRGs-but actually representing fast evolving orthologs that we call hidden orthologs. This systematic error can potentially be overcome by more sensitive, although computationally intense, detection methods (e.g. profile HMMs, PSI-BLAST) (Altschul, et al. 1997; Eddy 2011; Kuchibhatla, et al. 2014) , but also by increasing taxon sampling, which helps to bridge the long evolutionary gaps between hidden orthologs and their well-annotated, more conservative counterparts ( fig. 1A ).
Platyhelminthes (flatworms) is a morphological and ecologically diverse animal group characterized by significantly high rates of molecular evolution (Edgecombe, et al. 2011; Struck, et al. 2014; Laumer, Bekkouche, et al. 2015) . Gene loss and orphan genes without clear homology are indeed hidden orthologs in flatworms, thus calling into question the current dogma of extensive gene loss within Platyhelminthes (Azimzadeh, et al. 2012; Tsai, et al. 2013) . In a more general sense, our study provides an informative complementary approach for future high taxonomic resolution analyses of gene content in other phylogenetic clades.
New Approaches
To identify hidden orthologs in large transcriptomic datasets we created Leapfrog, a simple pipeline that automates a series of BLAST-centric processes ( fig. 1B ). We started with a set of well-annotated sequences -a single-isoform version of the human RefSeq protein dataset-as queries and conducted a TBLASTN search of these sequences against each of our target flatworm transcriptomes (supplementary table 1, Supplementary Material online). Any queries that had zero BLAST hits with E-values less than our cutoff (0.01) were considered candidate hidden orthologs. We then looked for reciprocal best TBLASTX hits between these candidates and the transcriptome of the polyclad flatworm Prostheceraeus vittatus, a lineage that has evolved at a slower rate than most other flatworms in our dataset (as evidenced by root-to-tip branch lengths in (Laumer, Hejnol, et al. 2015) ). If there was a reciprocal best BLAST hit in our 'bridge' transcriptome, the 'bridge' transcript was used as a query in a BLASTX search against the initial annotated human RefSeq protein dataset. If there was a human reciprocal hit, and the human sequence was the starting query, then we deemed the candidate a hidden ortholog.
Results

Leapfrog identified hundreds of hidden orthologs in flatworm transcriptomes
We assembled a dataset including 35 publicly available transcriptomes from 29 flatworm species, and incorporated the transcriptomes of the gastrotrich Lepidodermella squamata, the rotifer Lepadella patella, and the gnathostomulid Austrognathia sp. as closely related outgroup taxa. Under these conditions, Leapfrog identified a total of 3,427 putative hidden orthologs, 1,217 of which were unique and 636 were speciesspecific ( fig. 2A, vittatus counterparts show that many amino acid positions that differ between the human and the hidden ortholog products are conserved between P. vittatus and one or the other sequences (e.g., fig. 2C ).
In order to ensure that domain shuffling was not a source of false positives, we analyzed mediterranea. However, we only recovered 71 hidden orthologs for Girardia tigrina, a freshwater planarian related to S. mediterranea. We observed a similar issue in Macrostomorpha, Prorhynchida, and Rhabdocoela ( fig. 3) . Interestingly, the Leapfrog pipeline also reported hidden orthologs in the outgroup taxa (Austrognathia sp., 63; L. patella, 21; and L. squamata, 35) and Microstomum lineare (70), a flatworm lineage that shows a slower rate of evolutionary change than P. vittatus (Laumer, Hejnol, et al. 2015) .
To asses how the completeness of each transcriptome influenced Leapfrog results, we calculated the proportion of core eukaryotic genes (CEGs) (Parra, et al. 2007 ) present in each transcriptome. Consistent with the differences in sequencing depth (supplementary table 1, Supplementary Material online), we observed a broad range of CEG content between transcriptomes: from a reduced 8% in P. sphagnorum -the flatworm transcriptome with fewest recovered hidden orthologs-to an almost complete 99% of the polyclad Stylochus ellipticus and our 'bridge' species P. vittatus ( fig. 3) . Importantly, our dataset included highly complete transcriptomes (with > 85% CEGs) for each major flatworm group (Macrostomorpha, Polycladida, Prorhynchida, Rhabdocoela, Proseriata, Adiaphanida, Neodermata, Gnosonesimida and Bothrioplanida). The comparison of these highly complete transcriptomes with the other representatives of their respective groups showed that the number of recovered hidden orthologs was in many cases species-dependent. For instance, we recovered 83 putative hidden orthologs in Geocentrophora applanata and 133 in Prorhynchus sp. I, despite both prorhynchids having highly complete transcriptomes ( fig. 3 ). The opposite case can be seen in the Macrostomorpha, where 70 (five species-specific) and 75 (four species-specific) hidden orthologs were recovered in Microstomum lineare and Macrostomum lignano respectively, both of which have highly complete transcriptomes. However, we identified 129 hidden orthologs (34 species-specific) in the closely related macrostomorph Macrostomum cf. ruebushi, whose transcriptome showed only a 60% of CEGs ( fig. 3 ). These results together suggest that the number of hidden orthologs we recovered with Leapfrog is sensitive to the quality of the transcriptomes, but overall is variable even between closely related species.
We evaluated whether the use of a different 'bridge' transcriptome -with comparable completeness as P. vittatus-could be used to recover even more hidden orthologs in our datasets. We used the transcriptome of M. lineare because this species had the shortest branch in a published phylogenomic study (Laumer, Hejnol, et al. 2015) . Using M.
lineare as a 'bridge' we predicted hidden orthologs in the transcriptome of S. mediterranea, the lineage with the most hidden orthologs identified using P. vittatus as a 'bridge'. Surprisingly, we only recovered 62 putative hidden orthologs under these conditions, as opposed to 198 when using P. vittatus, suggesting that evolutionary rate is not necessarily the best criteria for choosing a 'bridge' lineage. Noticeably, only 33 of the recovered 169 unique hidden orthologs overlapped between the two analyses, demonstrating the potential of using different transcriptomes as 'bridges' to identify additional hidden orthologs.
Leapfrog identifies orthologs missed by OrthoFinder
In order to be certain that we were identifying orthologs that would be missed in a typical analysis, we compared our pipeline with the commonly deployed orthogroup 4B ). This is perhaps not surprising since OrthoFinder, as a general annotation tool, must balance sensitivity and specificity (Liebeskind, et al. 2016) , while the Leapfrog pipeline is specifically designed to identify fast evolving orthologs.
To evaluate the impact of different 'bridge' species in OrthoFinder, we compared the number of hidden orthologs recovered by different bridge species. Bridge species were chosen only from deeply sequenced transcriptomes (with > 85% CEGs) and included a wide range of branch lengths (Laumer, Hejnol, et al. 2015) . As observed with Leapfrog, the number of orthogroups greatly depended on the 'bridge' species and not so much on the branch length of the 'bridge' taxon: long-branch taxa recovered more orthogroups than shorter branches (e.g. M. lignano vs. M. lineare; P. vittatus vs. M. lineare; Gnosonesimida sp. IV vs. R. rostratum; K. cf amphipodicola vs. Prorhyncus sp. I).
Importantly, none of the 'bridge' species were able to recover all the hidden orthologs that Leapfrog identifies in a S. mediterranea transcriptome (Brandl, et al. 2016 ) using a similar E-value cutoff (0.001) than OrthoFinder (Emms and Kelly 2015).
The number of hidden orthologs does not relate to the branch length of each lineage
To investigate the parameters that might influence the evolutionary appearance and methodological identification of hidden orthologs in our dataset, we first performed a principal component analysis (PCA) including variables related to the quality and completeness of the transcriptome (number of sequenced bases, number of assembled contigs, mean contig length, and number of CEGs), the mean base composition of the transcriptome (GC content) and the evolutionary rate of each lineage (branch length, and number of identified hidden orthologs) ( fig. 5A ; supplementary table 5, Supplementary Material online). We observed that the first principal component (PC1) was strongly influenced by the quality of the transcriptome, while the second principal component (PC2) mostly estimated the balance between evolutionary change (branch lengths and hidden orthologs) and transcriptome complexity (GC content). The two first principal components explained 67% of the variance of the dataset, indicating that additional interactions between the variables exist (e.g. the GC content can affect sequencing performance (Dohm, et al. 2008; Benjamini and Speed 2012) , and thus transcriptome quality and assembly).
Despite the fact that the branch length of a given lineage and the number of putative hidden orthologs affected the dispersion of our data in a roughly similar manner, we did 
Flatworm hidden orthologs do not show sequence composition biases
A recent report showed that very high GC content and long G/C stretches characterize genes mistakenly assigned as lost in bird genomes (Hron, et al. 2015) . Given that GC content was implicated in our PCA, we tested whether high GC content and long G/C stretches were prevalent in our flatworm hidden orthologs. We first plotted the GC by the GC biases observed in birds (Hron, et al. 2015) . Further investigation is needed to explore the possible causal relationship between hidden orthologs/branch lengths and GC content inferred from our PCA analysis ( fig. 5A ).
Systematic error in sequence-similarity searches is also associated with the length of the sequence and the presence of short conserved stretches (i.e. protein domains with only a reduced number of conserved residues). Short protein lengths decrease BLAST sensitivity (Moyers and Zhang 2015) . We thus expected hidden orthologs to consist of significantly shorter proteins, as is seen in Drosophila orphan genes (Palmieri, et al. 2014 ). When analyzed together, the length of the flatworm hidden ortholog transcripts are not significantly different from that of the rest of the transcripts (supplementary 5E ). Altogether, these analyses indicate that hidden orthologs do not show intrinsic properties that could cause systematic errors during homology searches.
The possible mechanisms driving hidden orthology in Platyhelminthes
To assess the contribution of duplication and divergence (Force, et al. 1999 ) towards the generation of hidden orthologs, we looked for paralogs of hidden orthologs in OrthoFinder orthogroups. Focusing on Tricladida (planarian flatworms), we counted the instances in which a hidden ortholog co-occurred in the same orthogroup with one or more sequences from the same species ( fig. 6A ). We observed that a hidden ortholog could indeed be interpreted as a fast-evolving paralog in 14-30% of the cases (depending on the species). For those one-to-one hidden orthologs of S. mediterranea, we calculated the number of non-synonymous substitutions per non-synonymous sites (Ka) and the number of synonymous substitutions per synonymous sites (Ks) in pairwise comparisons with their respective ortholog in the 'bridge' transcriptome ( fig.   6B ). Although for almost half of them the Ks value appeared to be saturated (Ks > 2), the Ka/Ks ratio for most of the rest was above or close to 0.5, which is often interpreted as sign of weak positive selection or relaxed constraints (Nachman 2006) . Therefore, these findings suggest that duplication-and-divergence and weak positive selection may be forces contributing to hidden orthology in these data.
To test whether selective forces on particular cellular, molecular, or functional traits were responsible for hidden orthologs, we performed a gene ontology ( (table 2; supplementary table 8, Supplementary Material online). Interestingly, hidden orthologs were enriched for biological processes and cellular compartments related to mitochondrial protein translation and the mitochondrial ribosome respectively. Indeed, ribosomal proteins were amongst the most common hidden orthologs recovered from our dataset (supplementary table 2, Supplementary Material online). These findings suggest that mitochondrial genes show accelerated evolutionary rates (Solà, et al. 2015) , which might be causing nuclear- mansoni (Azimzadeh, et al. 2012) . We thus used an expanded Leapfrog strategy to identify possible hidden orthologs for that group of genes in our set of flatworm transcriptomes. First, we used a reciprocal best BLAST strategy to identify orthologs of the human centrosomal proteins in each of our transcriptomes under study, and thereafter we used Leapfrog to identify any hidden member of this original gene set. We mediterranea transcriptomes. These observations suggest that many of the losses of homeobox genes occurred in the ancestors to the Rhabitophora and Neodermata, with only a few losses of specific gene classes in particular lineages of free-living flatworms.
Discussion
Our study reveals thousands of hidden orthologs in Platyhelminthes ( fig. 2, 3) , and thus illustrates the importance of a dense taxon sampling to confidently study gene losses and gains during gene complement evolution. Nevertheless, our approach is conservative and these results are likely an underestimation of the true number of hidden orthologs in these data.
Since our goal was to demonstrate how increased taxon sampling and the use of taxa with slow evolutionary rates can help identify fast evolving orthologs, we based our automated pipeline on BLAST searches ( fig. 1B) , by far the most common methodology for quickly identifying putative orthologs. However, other methods (e.g.
profile HMM, PSI-BLAST) are more sensitive than BLAST when dealing with divergent sequences (Altschul and Koonin 1998; Eddy 1998), and have been shown, for instance, to recover homology relationships for many potential TRGs in viruses (Kuchibhatla, et al. 2014 ). Second, we based our identification of hidden orthologs on reciprocal best BLAST hits, a valid and widely used approach (Tatusov, et al. 1997; Overbeek, et al. 1999; Wolf and Koonin 2012) , but with some limitations (Fulton, et al. 2006; Dalquen and Dessimoz 2013) . Third, different 'bridge' transcriptomes generate different sets of hidden orthologs. This is an important observation, as it indicates that there might be natural circumstances (e.g., presence of hidden orthologs and missing genes), even in more conservatively evolving lineages, which contribute to the suitability of a particular transcriptome to act as a 'bridge'. Therefore, an iterative approach in which all transcriptomes are used both as a 'bridge' and as a target will likely uncover even more hidden orthologs. Furthermore, we demonstrate that using hidden orthologs themselves as 'bridge queries' on other lineages can help recover even more new hidden orthologs (table 3) . Finally, 16 out of the 35 analyzed transcriptomes contain less than 80% of core eukaryotic genes ( fig. 3) , and can be regarded as fairly incomplete (Parra, et al. 2009 ). All things considered, it is highly likely that the number of hidden orthologs in these flatworm lineages is far greater than what we are able to show in this study.
The recovered hidden orthologs have an immediate impact on our understanding of gene complement evolution in Platyhelminthes, and in particular on those lineages that are subject of intense research, such as the regenerative model Schmidtea mediterranea and parasitic flatworms (Berriman, et al. 2009; Wang, et al. 2011; Olson, et al. 2012; Sánchez Alvarado 2012) . The identification of fast-evolving orthologs for the centrosomal proteins CEP192 and SDCCAG8 in S. mediterranea ( fig. 6 ), as well as other core components in other flatworms lineages, indicates that the evolutionary events leading to the loss of centrosomes are probably more complex, or at least different from previously thought (Azimzadeh, et al. 2012) . Similarly, the presence of presumably lost homeobox classes in S. mediterranea may affect our current view of gene loss and morphological evolution in flatworms (Tsai, et al. 2013 ). These two examples illustrate how our study and computational tools can serve the flatworm research community. The use of conservatively evolving flatworm lineages, such as P.
vittatus, can improve the identification of candidate genes, as well as help with the annotation of the increasingly abundant flatworm RNAseq and genomic datasets (Berriman, et al. 2009; Wang, et al. 2011; Tsai, et al. 2013; Robb, et al. 2015; Wasik, et al. 2015; Brandl, et al. 2016) . Therefore, we have now made available an assembled version of P. vittatus in PlanMine, an integrated web resource of transcriptomic data for planarian researchers (Brandl, et al. 2016) . Importantly, the Leapfrog pipeline can also be exported to any set of transcriptomes/predicted proteins, and is freely available on GitHub (see Materials and Methods).
In our dataset, hidden orthologs are not significantly shorter, and do not exhibit either particular sequence composition biases ( fig. 4) Previous studies suggested that more sensitive methods would reveal the real estimate of TRGs in animal genomes (Tautz and Domazet-Loso 2011) . However, these methodologies are often time consuming and computationally intense, and thus hard to scale when dealing with large transcriptomes in a broad phylogenetic context. Our study proves that an alternative way to partially overcome this issue is by relying on improved taxon sampling, which is feasible as sequencing prices drop and the use of highthroughput sequencing becomes even more common in non-model organisms.
Therefore, we envision a combination of both improved methodologies and expanded taxon sampling as the path to follow in future studies of gene complement evolution in animals.
Altogether, our study uncovers a so-far neglected fraction of the gene repertoire of flatworm genomes. Overlooked by common similarity searches, hidden orthologs include genes of biological relevance that were thought missing from the transcriptome/genome of most Platyhelminthes. These hidden genes are either maintaining ancestral functions despite very high mutation rates or are abandoning highly conserved ancestral functions but continuing to contribute to the biology of the organism. Either way, these results suggest that the prevalence of missing genes and orphan genes is likely exaggerated, and that caution is necessary in interpreting gene loss and gain when analyzing genomes.
Materials and methods
Macrostomum lignano transcriptome
Adult and juveniles of M. lignano were kept under laboratory conditions as described elsewhere (Rieger, et al. 1988) . Animals starved for four days were homogenized and used as source material to isolate total RNA with the TRI Reagent (Life Technologies) following the manufacturer's recommendations. A total of 1 µg was used for Illumina paired-end library preparation and sequencing in a HiSeq 2000 platform. Paired-end reads were assembled de novo with Trinity v.r20140717 using default settings (Grabherr, et al. 2011) . 
Data set preparation
